Abstract Bone diseases such as osteoporosis and periodontitis are induced by excessive osteoclastic activity, which is closely associated with inflammation. Benzydamine (BA) has been used as a cytokine-suppressive or non-steroidal anti-inflammatory drug that inhibits the production of proinflammatory cytokines or prostaglandins. However, its role in osteoclast differentiation and function remains unknown. Here, we explored the role of BA in regulating osteoclast differentiation and elucidated the underlying mechanism. BA inhibited osteoclast differentiation and strongly suppressed interleukin-1b (IL-1b) production. BA inhibited osteoclast formation and bone resorption when added to bone marrowderived macrophages and differentiated osteoclasts, and the inhibitory effect was reversed by IL-1b treatment. The reporter assay and the inhibitor study of IL-1b transcription suggested that BA inhibited nuclear factor-kB and activator protein-1 by regulating IkB kinase, extracellular signal regulated kinase and P38, resulting in the down-regulation of IL-1b expression. BA also promoted osteoblast differentiation. Furthermore, BA protected lipopolysaccharide-and ovariectomy-induced bone loss in mice, suggesting therapeutic potential against inflammation-induced bone diseases and postmenopausal osteoporosis.
Introduction
Bone homeostasis is maintained by the balanced action of boneforming cells known as osteoblasts and bone-resorbing cells known as osteoclasts 1, 2 . Abnormal osteoclast formation and activity has been recognized as a major cause of bone diseases such as osteoporosis, rheumatoid arthritis and periodontitis 3, 4 . The therapeutic strategy against these diseases has been focused primarily on the inhibition of osteoclast differentiation and function. Therefore, the development of a new agent that regulates osteoclast differentiation and activity has therapeutic implications 5e7 . Osteoclast is a giant multinucleated cell that is differentiated from hematopoietic stem cell by the cooperative action of macrophage-colony stimulating factor (M-CSF) and receptor activator of NF-kB ligand (RANKL) 8 . RANKL binds to its receptor, RANK and activates tumor necrosis factor (TNF) receptorassociated factor 6 (TRAF6), which in turn acts as an adapter in the downstream signaling pathways 9 . Activated TRAF6 induces the stimulation of NF-kB and mitogen-activated protein kinases (MAPKs) including c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and P38
10À12 . In addition, c-FOS, a member of the activator protein-1 (AP-1) transcription factor family is induced 13, 14 . Both NF-kB and AP-1 induce the initial expression of nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), a master regulator of osteoclastogenesis 15, 16 . NFATc1 is auto-amplified and regulates the expression of osteoclastspecific genes such as tartarate-resident alkaline phosphatase (TRAP), matrix metalloprotease 9 (MMP9), and cathepsin K (CTSK) in conjunction with other transcription factors such as NF-kB and AP-1 17 . NF-kB and AP-1 regulate the production of pro-inflammatory cytokines including interleukins (IL)-1b, IL-6 and TNFa, and prostaglandin E2 (PGE2) 18 , which trigger inflammation in activated macrophages 19, 20 . IL-1b, IL-6, TNFa and PGE2 promote osteoclast differentiation via a RANKL-independent mechanism 21, 22 . Therefore, these pro-inflammatory cytokines represent potent stimulators of osteoclastic bone resorption in inflammatory bone diseases including osteoporosis, periodontal disease, and rheumatoid arthritis 22e24 . Benzydamine (BA) is currently used to reduce fever and pain as an anti-inflammatory drug with local analgesic and anesthetic properties 25 . BA has been known to act as a non-steroidal antiinflammatory drug that inhibits prostaglandin synthesis or as a cytokine-suppressive anti-inflammatory drug to suppress proinflammatory cytokine production 26 . In this study, we demonstrated the role of BA as an inhibitor of osteoclast differentiation and bone resorption. Furthermore, we highlighted the therapeutic potential of BA in bone diseases using mouse models of inflammation-and ovariectomy-induced bone destruction.
Materials and methods

Reagents and antibodies
Recombinant human M-CSF and mouse RANKL proteins were prepared as previously described 5 . BA was purchased from AK Scientific, Inc. (Union City, CA, USA) and recombinant human IL-1b was supplied by R&D systems, Inc. (Minneapolis, MN, USA). PGE2 was purchased from Cayman Chemical (Ann Arbor, MI, USA). Lipopolysaccharide (LPS), U0126 and SC-514 were supplied by MilliporeSigma (Burlington, MA, USA). SB202190 and SP600125 were supplied by AG Scientific, Inc. (San Diego, CA, USA). A rabbit polyclonal antibody against b-actin was purchased from Abcam (Cambridge, MA, USA). Rabbit polyclonal antibodies against phosphorylated (p-)IkBa, p-JNK, p-ERK and p-P38, and a rabbit monoclonal antibody against p-p65 were purchased from Cell Signaling Technology (Danvers, MA, USA). A goat polyclonal anti-mouse secondary antibody (Alexa Fluor 546 conjugate) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Rabbit polyclonal antibodies against IkBa, JNK1, P38 and c-FOS, and mouse monoclonal antibodies against NFATc1, p65, ERK2, CTSK and integrin b 3 were procured from Santa Cruz Biotechnology (Dallas, TX, USA). A rabbit polyclonal antibody against superoxide dismutase 2 (SOD2) was purchased from Upstate Biotechnology (Lake Placid, NY, USA). A rabbit monoclonal antibody against ATP6V0D2 was kindly provided by Dr. SY Lee (Ewha Womans Univ. Seoul, Korea).
Preparation of bone marrow-derived macrophages
Bone marrow-derived macrophages (BMMs) were prepared as osteoclast precursor cells as previously described 27 . Bone marrow cells were flushed from the femurs and tibiae of 8-week-old C57BL/6 male mice using a-minimum essential medium (a-MEM) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin, followed by incubation at 37 C for 1 day. Nonadherent cells were harvested and incubated in Gey's solution for 10 min to remove red blood cells. After clarification by centrifugation at 1000 rpm, the cells were cultured in a-MEM containing 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin and 50 ng/mL M-CSF for 3 days. Adherent cells were used as osteoclast precursors.
Osteoclast differentiation and TRAP staining
BMMs were incubated in a-MEM containing 10% FBS, 40 ng/mL M-CSF and 50 ng/mL RANKL for 3e5 days. After osteoclast differentiation, the cells were washed with phosphate-buffered saline (PBS), fixed for 10 min with 4% paraformaldehyde and stained for TRAP using a leukocyte acid phosphatase cytochemistry kit (MilliporeSigma) according to the manufacturer's instructions. TRAP-positive multinucleated cells containing three or more nuclei were counted as osteoclasts under a light microscope (Nikon, Shinagawa, Tokyo, Japan).
Actin-ring staining
Cells were fixed with 3.7% formaldehyde solution in PBS, permeabilized with 0.1% Triton X-100, and incubated with Alexa Fluor 488-phalloidin (Thermo Fisher Scientific, Waltham, MA, USA). After washing with PBS, the cells were treated with 4 0 ,6-diamidino-2-phenylindole (Roche, Basel, Switzerland) and then photographed under a fluorescence microscope (Carl Zeiss, Oberkochen, Germany).
Bone resorption assay
BMMs were plated on dentin discs (Immunodiagnostic Systems, Boldon Colliery, Tyne and Wear, UK) and treated with 40 ng/mL M-CSF and 50 ng/mL RANKL for 12 days. The cells were completely removed from the dentin discs via abrasion with a cotton tip. The dentin discs were stained with hematoxylin. The resorption pits were imaged under a light microscope at 100 Â magnification and their areas were determined via ImagePro Plus 4.5 software (Media Cybernetics, Rockville, MD, USA).
RNA isolation, reverse transcription, and real-time PCR
Total RNA was isolated using the TRIzol reagent (Thermo Fisher Scientific) according to the manufacturer's instructions and quantified by measuring the absorbance at 260 nm. The total RNA (2 mg) was incubated with 0.5 mg of oligo (dT) primer at 70 C for 5 min and cooled immediately on ice. The first-strand cDNA was synthesized by the addition of 200 units of M-MLV reverse transcriptase (Promega, Madison, WI, USA), 24 units of ribonuclease inhibitor and 0.25 mmol/L of each dNTP, followed by incubation for 1 h at 42 C, and enzyme inactivation at 70 C for 10 min. The cDNA was amplified in a reaction mixture containing SYBR Green PCR Master Mix (Bioline, Taunton, MA, USA) and 1 mmol/L gene-specific primer using a StepOnePlus real-time PCR (Applied Biosystems, Foster City, CA, USA). The amplification protocol consisted of an initial step of 2 min at 50 C and 2 min at 95 C followed by 40 cycles of 15 s at 95 C and 1 min at 60 C. Each mRNA level was normalized to actin level. The primers used in the current study were as follows: Nfatc1 
AGACGGCATC-3
0 and 5
0 and 5 0 -GCGGCTGATTGGCTTCTTCT-3 0 ), and Msx2 (5 0 -CTACCCGTTCCATAGACCTGTGCTT-3 0 and 5 0 -GAGAGG-GAGAGGAAACCCTTTGAA-3 0 ). Melting curve analysis was performed to ensure a single PCR product.
Determination of IL-1b levels
BMMs or osteoclasts were incubated with 40 ng/mL M-CSF and 50 ng/mL RANKL in the absence or presence of 10 mmol/L BA for 2 days. The levels of IL-1b in the culture medium were determined using a mouse IL-1b/IL-1F2 Quantikine ELISA Kit (R&D Systems, Inc.) according to the manufacturer's instructions.
Transfection and luciferase reporter assay
RAW264.7 cells were transfected for 24 h with 0.45 mg of luciferase reporter plasmid and 0.15 mg of pRLSV40 (internal control) in a 24-well plate using Lipofectamine 3000 reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. A dual luciferase assay (Promega, Fitchburg, WI, USA) was subsequently performed. The activity of firefly luciferase was normalized to that of the Renilla enzyme and was expressed as a fold increase relative to the normalized value of control cells.
Osteoblast differentiation and mineralization
The calvaria of 2-day-old C57BL/6 mice were dissected, and digested with 0.03% collagenase I and 0.2% dispase for 4 h. The isolated cells were cultured in a-MEM containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. Calvaria cells were cultured in osteogenic media (OGM), a-MEM containing 0.1 mmol/L dexamethasone, 10 mmol/L b-glycerophosphate, and 50 mg/mL ascorbic acid for 12 days. The cells were fixed in 4% paraformaldehyde and incubated with a solution containing 0.1 mg/mL naphthol AS-MX phosphate, 0.5% N,N-dimethyl formamide and 0.6 mg/mL fast blue BB salt for alkaline phosphatase (ALP) staining. To measure ALP activity, cell lysates were incubated with 5 m mol/L p-nitrophenyl phosphate for 60 min, and the released amount of p-nitrophenol was determined by measuring the absorbance at 405 nm using a microplate reader (Biotek, Winooski, VT, USA). After incubation with OGM for 21 days, the cells are fixed in 4% paraformaldehyde and stained with 2% alizarin red S (ARS) solution for 40 min at room temperature. The bound ARS was dissolved in 10% cetylpyridinium chloride and the absorbance was measured at 545 nm. All the reagents used in these experiments were purchased from MilliporeSigma.
Calvarial injection of LPS and histological analysis
Eight-week-old C57BL/6 male mice were randomly divided into the following groups (n Z 5 per group): PBS control, LPS, and LPS plus BA. LPS (12.5 mg/kg body weight) alone or combined with BA (10 mg/kg), each in a 100-mL PBS, was injected into the space between the subcutaneous tissue and the periosteum of the skulls in mice on days 0 and 2. The mice were killed in a CO 2 chamber 5 days after the first injection. The calvariae were dissected and fixed with 4% paraformaldehyde at room temperature overnight. The specimens were washed with PBS and decalcified with 0.5 mol/L ethylenediaminetetraacetic acid for 5 days, embedded in low-melting paraffin, cut into 4-mm sections, and stained with TRAP and hematoxylin.
Ovariectomy and micro-computed tomography imaging
Ovariectomy (OVX) and micro-computed tomography were carried out as previously described 28 . Eight-week-old C57BL/6 female mice were randomized into the following groups (n Z 5 in each group): sham operation, OVX, and OVX followed by BA treatment. A week after surgery, BA (10 mg/kg) was injected intraperitoneally six times a week for three weeks. The tibiae were decalcified and embedded in paraffin. Bone sections were stained with TRAP and hematoxylin, and TRAP-positive osteoclasts were quantified using Image-Pro Plus 4.5 software (Media Cybernetics). The femurs were evaluated using micro-computed tomography (Bruker, Kontich, Belgium).
Animal care
All mice were allowed free access to food and water, and caged under a 12-h light/12-h dark cycle. All animal studies were conducted in accordance with the protocols approved by the International Animal Care and Use Committee of Ewha Womans University (Korea). 
Statistical analysis
Data are presented as the mean AE standard deviation of the mean (SD). Unless otherwise indicated, n Z 3. Statistical significance was determined by the one-way or two-way analysis of variance (ANOVA) using the Prism software version 5.0 (GraphPad, San Diego, CA, USA). The P values less than 0.05 were considered statistically significant.
Results
BA inhibits RANKL-induced osteoclast differentiation and NFATc1 activation
BA has been used as an anti-inflammatory drug to inhibit the synthesis of pro-inflammatory cytokines and prostaglandins, which are known to promote osteoclast differentiation. Thus, we investigated the role of BA in osteoclast differentiation. During the RANKL-induced differentiation of BMMs to osteoclasts, BA inhibited osteoclast formation in a dose-dependent manner (Fig. 1A and B) , without affecting the cell viability at the concentrations tested (Fig. 1C) . Also, BA strongly inhibited actin ring formation (Fig. 1D) .
To further validate the BA inhibition of osteoclast differentiation and to determine its effective concentration for subsequent experiments, the concentration-dependent effect of BA on NFATc1 expression was examined. Incubation of BMMs with RANKL for 2 days in the presence of various concentrations of BA resulted in a significant inhibition of NFATc1 expression at 10 mmol/L BA (Fig. 1E) . The NFATc1 inhibition was sustained for 4 days (Fig. 1F) . BA also significantly inhibited the transcription of Nfatc1 and its target genes including Acp5, Mmp9, Ctsk, Calcr and Dcstamp (Fig. 1G) . Thus, 10 mmol/L BA was used in the subsequent in vitro experiments. 
BA inhibits RANKL-induced pro-inflammatory cytokine expression and PGE2 synthesis
BA is known to suppress pro-inflammatory cytokine expression and PGE2 synthesis. Thus, we measured the transcriptional expression of pro-inflammatory cytokine genes including Il1b, Il6 and Tnf, and the PGE2 synthesis-related genes including Pla2, Cox2 and Ptges at various time points after the stimulation of BMMs with RANKL in the presence of BA. The expression of Il1b gene was induced very early, sustained during the incubation period and was strongly suppressed by BA ( Fig. 2A) . However, Il6 and Tnf genes were not expressed initially upon RANKL treatment ( Fig. 2A) . The genes Pla2 and Ptges were slightly induced at 4e8 h after RANKL exposure and their expression was inhibited by BA ( Fig. 2A) . The expression of Il1b and Il6 genes was induced in the late stages of RANKL treatment; their expression was significantly inhibited by BA; however, Tnf was not expressed (Fig. 2B) . The genes Cox2 and Ptges were expressed at 12e24 h after RANKL treatment, which was inhibited by BA (Fig. 2B) . Taken together, IL-1b may be a predominant inflammatory molecule that is strongly and consistently expressed at all the times following RANKL treatment, and is effectively regulated by BA.
IL-1b treatment reverses BA inhibition of osteoclast differentiation
The amount of IL-1b protein secreted into culture media was also strongly increased by RANKL treatment and was significantly reduced by BA, based on ELISA results (Fig. 3A) . The role of BA in the inhibition of osteoclast differentiation by suppressing IL-1b or PGE2 production, was investigated by analyzing the effect of IL-1b and PGE2 on RANKL-induced osteoclast differentiation in the absence or presence of BA. IL-1b significantly increased osteoclast formation in vehicle control and effectively rescued the osteoclast differentiation inhibited by BA (Fig. 3B) . PGE2 also reversed BA inhibition of osteoclast differentiation in a dose-dependent manner; however, it had a marginal effect (Fig. 3C) . These results indicate that BA may inhibit osteoclast differentiation by suppressing RANKinduced IL-1b production.
BA inhibits NF-kB and AP-1-dependent IL-1b expression via down-regulation of IKK, ERK and P38
The regulatory role of BA in IL-1b expression was explored. The IL-1b promotor carries a single NF-kB binding site, two AP-1 binding sites and one serum responsive element 29 , and the expression of IL-1b is regulated via NF-kB and AP-1 30, 31 . Thus, the effect of BA on RANKL-induced NF-kB and AP-1 activation was investigated via luciferase reporter assay. BA strongly inhibited the activities of NF-kB and AP-1 (Fig. 4A) . BA also decreased the expression of SOD2, one of NF-kB targets, and c-FOS, one of the major components of AP-1 at both mRNA and protein levels (Fig. 4BeD) . The effect of BA on the phosphorylation of IkBa, p65 and MAPKs was investigated to ascertain the role of BA in regulating the activity of NF-kB and AP-1. BA significantly inhibited the phosphorylation of IkBa, p65, JNK, ERK and P38 in a time-course experiment ( Fig. 4E and G) . BA also attenuated p65 nuclear translocation (Fig. 4F) . Investigation of the effect of individual inhibitors on RANKL-induced IL-1b expression suggested that IL-1b expression was significantly (Fig. 4H) . Collectively, these results indicate that BA inhibits the NF-kB and AP-1-dependent IL-1b expression via down-regulation of IKK, ERK and P38.
BA inhibits the migration and bone resorption, which is rescued by IL-1b treatment
The effects of BA and IL-1b on migration and bone resorption were explored. BA inhibited the migration whereas IL-1b promoted it; however, BA inhibition of migration was reversed by IL1b (Fig. 5A) . BA also inhibited bone resorption in the dentin disc and IL-1b completely restored the bone resorption suppressed by BA (Fig. 5B) . In addition, the expression of osteoclast-specific genes including Ctsk, Atp6v0d2, and Itgb3, was inhibited by BA, and the inhibition was significantly reversed by IL-1b treatment ( Fig. 5C and D) . Together, BA appears to inhibit osteoclast differentiation, migration and bone resorption by suppressing IL1b expression.
BA inhibits the maturation and resorption of differentiated osteoclasts, which is reversed by IL-1b
The IL-1b transcription was strongly induced in the later stages than in the early stage of osteoclastogenesis (Fig. 2) . Thus, the effects of BA on osteoclast formation, migration, bone resorption, and osteoclast-specific gene expression in differentiated osteoclasts were also investigated. When BMMs were differentiated into osteoclasts by incubating with RANKL for 3 days followed by BA treatment, BA significantly inhibited osteoclast formation, (Fig. 6A) . BA decreased the amount of IL-1b secreted by the osteoclasts into culture media (Fig. 6B) . In addition, BA inhibited the migration, bone resorption and osteoclast-specific gene expression in differentiated osteoclasts, all of which were reversed by IL-1b treatment (Fig. 6CeF) . These results indicate that BA inhibited osteoclast maturation and function by suppressing IL-1b production.
BA promotes osteoblast differentiation in vitro
The effect of BA on osteoblast differentiation and function was also explored. Calvaria cells cultured in osteogenic media containing BA for 12 days were stained for the ALP activity. ALPpositive cells and ALP activity were increased by BA (Fig. 7A,  upper panel and Fig. 7B) . Also, the mRNA levels of transcription factors that regulate the expression of osteogenic genes were elevated in the BA-treated cells compared with vehicle-treated control cells (Fig. 7D) . But, BA had no effect on the capacity to form mineralization bone nodules as indicated by ARS staining following 21 days differentiation under osteogenic condition (Fig. 7A, lower panel and Fig. 7C ). Thus, these results demonstrate that BA enhances osteoblast differentiation but not mineralization.
BA prevents bone loss induced by inflammation and ovariectomy
The effect of BA on pathologic osteoclast formation and bone destruction was investigated using a model of inflammationinduced osteoclast formation and bone destruction, in which LPS was injected into the calvaria of mice. As shown in the TRAP staining analysis of whole calvaria and histology specimens, LPS increased the area of bone cavity and the number of TRAPpositive osteoclasts, which were significantly reduced by BA treatment (Fig. 8AeC) . This result suggests that BA prevents inflammation-induced bone disease. Next, the therapeutic potential of BA was also evaluated using an OVX-induced model of postmenopausal osteoporosis. Histologic analysis of tibias from model mice showed that BA reduces TRAP-positive cells increased by OVX (Fig. 8D and E) . Also, histomorphometric analyses of femurs of these mice revealed that OVX decreased the bone mineral density, bone surface, trabecular bone number and bone volume, and increased the trabecular pattern factor and trabecular separation (Fig. 8F and G) . All these effects of OVX were significantly reversed by BA treatment, indicating the therapeutic potential of BA for the treatment of bone diseases such as osteoporosis.
Discussion
This study demonstrated that BA inhibited osteoclast differentiation and resorption via suppression of NF-kB or AP-1-dependent IL-1b production by regulating IKK, ERK and P38 activities. BA also enhanced osteoblast differentiation and prevented bone loss in inflammation-and OVX-induced bone destruction mouse models, demonstrating the role of BA as a novel drug for the treatment of bone diseases.
BA has been known to inhibit the production of proinflammatory cytokines including IL-1b, IL-6 and TNFa, and prostaglandin in several inflammatory conditions 26, 32 . During osteoclastogenesis, RANKL induces a robust expression of IL-1b during both early and late stages, and a moderate expression of IL-6 in late stages. However, no expression of TNFa was induced. BA appears to inhibit IL-1b more effectively than IL-6 based on the induction fold. The IL-1b protein secreted into the media was also increased by RANKL and the increase was reversed by BA. Prostaglandin is a fatty acid derivative 33 , and therefore, its levels are very difficult to measure directly. Thus, the prostaglandin production was determined indirectly by quantifying the mRNA expression of prostaglandin synthesis-related enzymes including Pla2, Cox2 and Ptges 34 . The enzyme expression was moderately induced by RANKL, and the induction was attenuated by BA. However, current results suggest that IL-1b is a major cytokine, which is strongly induced by RANKL and predominantly regulated by BA. Indeed, the treatment of IL-1b with RANKL promoted osteoclast differentiation and reversed the inhibitory effects of BA; however, PGE2 treatment marginally affected the inhibitory effects of BA. In addition, IL-1b treatment completely reversed the migration and bone resorption that was suppressed by BA. Therefore, BA appears to inhibit osteoclast differentiation and bone resorption via down-regulation of IL-1b production. The expression of IL-1b is regulated by NF-kB and AP-1 30, 31 . BA inhibited RANKL-induced activation of NF-kB and AP-1 promoter, suggesting that BA suppresses IL-1b expression via inhibition of NF-kB and AP-1. BA inhibited IkBa phosphorylation and p65 nuclear translocation, and IKKb inhibitor decreased IL-1b expression. Thus, BA appears to suppress NF-kB-dependent IL-1b expression by inhibiting IKK activity. BA also inhibited RANKL-induced c-FOS expression and MAPKs activation. The RANKL-induced IL-1b expression was inhibited by ERK and P38 inhibitors, but not by JNK inhibitor. The expression of c-FOS, a major component of AP-1, is regulated by ELK-1, serum response factor (SRF) and cAMP response element-binding protein 35 . c-Fos and Elk-1 were identified as downstream target genes of NF-kB 36, 37 , indicating that NF-kB regulates AP-1 activity. The phosphorylation of ELK-1 occurs primarily via ERK 38e40 , although the phosphorylation may also be mediated by JNK and P38, depending on the stimuli 41 . ERK is also reported to increase c-Fos expression via phosphorylation of SRF 42 . The RANKL-induced c-Fos induction is down-regulated by P38 inhibitors 43 . Thus, it might be speculated that BA regulates RANKL-induced IKK, ERK and P38 activation, leading to the suppression of IL-1b expression via down-regulation of NF-kB and AP-1.
IL-1b is expressed in a proform (pro-IL-1b), which is converted to a mature form through inflammasome-mediated caspase-1 activation, and then secreted. BA strongly decreased the transcription of IL-1b and also significantly reduced the amount of secreted IL-1b protein. However, the inhibition fold of IL-1b secretion was not higher than that of IL-1b transcription. Thus, BA inhibition of IL-1b production may occur primarily in the transcription level, although the possibility of BA to affect inflammasome could not be completely excluded. IL-1b is an osteoclastogenic cytokine, which enhances osteoclast differentiation and bone resorption activity 21, 22 . It was recently reported that the addition of IL-1b in the presence of M-CSF and RANKL induces pathological activated osteoclasts having extremely high levels of resorbing activity 44 . Taken together, BA may inhibit NF-kB and AP-1 through down-regulation of IKK, ERK and P38, leading to the suppression of IL-1b and NFATc1 expression, resulting in the inhibition of osteoclast differentiation and bone resorption (Fig. 9) .
To test the usefulness of BA for treating bone diseases triggered by excessive osteoclastic activity, its effects on differentiated osteoclasts were also investigated. BA effectively inhibited the formation, migration and bone resorption of osteoclasts, and its inhibitory effects were reversed by IL-1b treatment. These results suggest that BA could inhibit the maturation and bone resorption of differentiated osteoclasts. BA also promoted osteoblast differentiation, though the underlying mechanism remains to be elucidated. IL-1 deficient mice exhibited reduced osteoclast differentiation and increased bone density and trabecular bone mass 45 , suggesting that IL-1 plays an important role in the bone homeostasis and IL-1 blockade might have therapeutic implication. The therapeutic potential of BA to treat pathological bone diseases was evaluated in mouse models of both LPS-induced and OVX-mediated bone destruction. BA has been administered orally or subcutaneously at 10 or 20 mg/kg in mouse models, respectively 46, 47 . Therefore, BA was used at a dose of 10 mg/kg (calvarial or intraperitoneal injection) in the present study. Our results suggest that BA plays a potential therapeutic role in the treatment of inflammation-induced bone diseases and postmenopausal osteoporosis.
Conclusions
BA inhibits osteoclast differentiation and resorption by suppressing IL-1b synthesis via down-regulation of IKK, ERK and P38, and promotes osteoblast differentiation. BA is an FDA-approved drug, and the protective role of BA against inflammationmediated bone loss and menopause-induced osteoporosis in mouse models reinforces the clinical role of BA as a novel therapeutic agent against pathologic bone diseases.
